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Abstract
We present new variants of the Two Higgs-Doublet Model where all Yukawa couplings with
physical Higgs bosons are controlled by the quark mixing matrices of both chiralities, as well as, in
one case, the ratio between the two scalar doublets’ vacuum expectation values. We obtain these by
imposing approximate symmetries on the Lagrangian which, in one of the cases, clearly reveals the
model to be the electroweak remnant of the Minimal Left-Right Symmetric Model. We also argue
for the benefits of the bidoublet notation in the Two Higgs-Doublet Model context for uncovering
new models.
1 Introduction
In the Standard Model (SM) of particle physics, the charged gauge currents between quarks are
guided by the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix, while the neutral gauge currents
are flavor-diagonal. The SM relies on the minimal choice of scalar fields (one Higgs-doublet), and
thus the quark mass matrices become proportional to the corresponding Yukawa matrices. Hence,
diagonalizing the quark mass matrices will automatically ensure the simultaneous diagonalization of
the Yukawa matrices. Consequently, the SM Higgs boson has only diagonal couplings, proportional
to the quark masses.
This straightforward picture may get perturbed even in the minimal extensions beyond the
SM (BSM) such as the two Higgs-doublet models (2HDMs) [1, 2]. In a 2HDM, the scalar sector of
the SM is extended by adding a replica of the SM Higgs-doublet. As a result, there are two Yukawa
matrices for fermions of a given charge, and the diagonalization of the fermion mass matrices will no
longer guarantee the diagonalization of the Yukawa matrices. In other words, a 2HDM, in general,
will contain flavor changing neutral currents (FCNCs) at the tree-level mediated by neutral scalars.
Given that the FCNC couplings are, a priori, unknown, the analysis of the physical implications of a
general 2HDM may contain a lot of inherent arbitrariness.
As a simple way out, one tries to avoid the tree-level FCNCs altogether by appropriate adjust-
ments in the Yukawa sector. The simplest possibility was suggested by Glashow and Weinberg [3].
According to their prescription, fermions of a specific charge should receive contributions to their
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mass from only one of the scalar doublets. In this way, similar to the SM, the Yukawa and the mass
matrices for a particular species of fermions become proportional to each other thereby neutralizing
the possibility of FCNC at the tree-level. The general conditions for the absence of tree-level FCNCs
in a 2HDM can be found in Refs. [4, 5].
An interesting alternative to completely eliminating the tree-level FCNCs is to accommodate
them in a controlled manner. This was achieved by Branco, Grimus and Lavoura (BGL) [6], where the
scalar FCNC couplings were related to the rows or columns of the CKM matrix [7, 8]. In these BGL
models, flavored symmetries were introduced to appropriately texturize the Yukawa matrices. In this
paper we make a similar effort to connect the scalar FCNC couplings to the quark mixing parameters,
thereby reducing the arbitrariness in the Yukawa sector to a considerable degree. Yet, unlike the BGL
models, we will rely on symmetries that are completely flavor-blind, i.e., flavor universal.
Our current work also addresses the philosophical relevance of 2HDMs in the present era. A
major part of the popularity of 2HDMs may be attributed to minimal supersymmetry relying on a
2HDM scalar structure. However, current trends in the LHC Higgs data point towards a not so bright
future for minimal supersymmetry. In such a case, one may question the aesthetic appeal of 2HDM
if it lacks the possibility to be embedded in a more elegant theory. However, a less known fact is
that the minimal left-right symmetric model (LRSM) also results in a 2HDM Yukawa structure at
the electroweak (EW) scale [9]. As we will show, such a 2HDM is very different from its canonical
counterparts and can have quite distinct implications.
This article will be organized as follows. In Sec. 2 we present a brief overview of the Yukawa
sector in a general 2HDM, following the usual conventions. In Sec. 3 an alternative notation for the
study 2HDMs is shown. This is the usual notation of the LRSM, which helps the connection between
2HDM and LRSM become clear. This notation is particularly helpful in uncovering new models, which
is done in Sec. 4. We include a phenomenological analysis in Sec. 5. Lastly, we summarize our findings
in Sec. 6.
2 Yukawa sector in 2HDM: some generalities
2.1 Quark masses, mixings and couplings
We denote the quark fields in the original Lagrangian with primes:
Q′L =
(
u′L
d′L
)
, u′R, d
′
R , (1)
where the generation index is suppressed. The Higgs boson multiplets φ1 and φ2 have a hypercharge
assignment that yields the following general Yukawa couplings:
−LY =
2∑
a=1
[
Q
′
LΓaφad
′
R +Q
′
L∆aφ˜au
′
R
]
+ h.c., (2)
where Γa and ∆a denote matrices in the generation space, and
φ˜a = iσ2φ
∗
a . (3)
After spontaneous symmetry breaking (SSB), we decompose the two SU(2)L scalar doublets in their
component form as follows:
φa =
1√
2
( √
2w+a
va + ha + iza
)
, (a = 1, 2) . (4)
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We will assume that the vacuum expectation values (VEVs) v1 and v2 are real, and will use the
notations
v =
√
v21 + v
2
2 , (5)
tanβ = v2/v1 . (6)
After the spontaneous breaking of the gauge symmetry, the quarks become massive. The mass
matrices are given by
Md =
1√
2
(Γ1v1 + Γ2v2) , (7a)
Mu =
1√
2
(∆1v1 + ∆2v2) . (7b)
These can be diagonalized through bi-unitary transformations:
U †dLMdUdR = Dd = diag(md,ms,mb) , (8a)
U †uLMuUuR = Du = diag(mu,mc,mt) . (8b)
As a result, by writing the charged current couplings of quarks in terms of the physical fields, the
combination
VL = U
†
uLUdL (9)
emerges. This is the CKM matrix. Similarly, we can define a mixing matrix for the right-handed
quarks:
VR = U
†
uRUdR . (10)
Our aim in this paper is to search for models in which the Higgs couplings to quarks are entirely
determined by VL and VR.
In order to discuss the Yukawa couplings, we first summarize the spectrum of the scalar bosons.
The charged (ω±) and the neutral (ζ) Goldstone bosons can be extracted using the following rotations(
ω±
H±
)
=
(
cosβ sinβ
− sinβ cosβ
)(
w±1
w±2
)
,
(
ζ
A
)
=
(
cosβ sinβ
− sinβ cosβ
)(
z1
z2
)
, (11)
where, H± and A stand for the physical charged scalar and pseudoscalar respectively. In the CP even
sector, we apply the same rotation to obtain(
H0
S
)
=
(
cosβ sinβ
− sinβ cosβ
)(
h1
h2
)
. (12)
The states H0 and S are not mass eigenstates in general. However, in the alignment limit [10–13],
they become physical scalars and H0 can be readily identified with Higgs scalar observed at the
LHC because it possesses SM-like couplings at the tree-level. Thus the quark couplings of H0 are
entirely flavor diagonal. Without the assumption of the alignment limit, the mass eigenstates would
be superpositions of H0 and S, controlled by the parameters of the scalar potential. Hence, the quark
couplings of the lightest scalar field would not be flavor diagonal due to the H0-S mixture. Nonetheless,
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assuming the alignment limit holds, only the other neutral scalars, S and A, can have flavor-changing
couplings to quarks, which will be an important theme in the subsequent discussion.
It has been shown [14] that it is convenient to define two matrices Nd and Nu as
Nd =
1√
2
U †dL
(
sinβ Γ1 − cosβ Γ2
)
UdR , (13a)
Nu =
1√
2
U †uL
(
sinβ∆1 − cosβ∆2
)
UuR , (13b)
whereby the quark couplings to the different Higgs bosons can be written in the form
−LY =
√
2
[
u
(
N †uVLPL − VLNdPR
)
dH+ + h.c.
]
+
1
v
(uDuu+ dDdd)H0
−S
{
d
(
NdPR +N
†
dPL
)
d+ u
(
NuPR +N
†
uPL
)
u
}
−iA
{
d
(
NdPR −N †dPL
)
d− u
(
NuPR −N †uPL
)
u
}
, (13c)
where PL and PR are the chirality projection operators.
2.2 Reducible Yukawa couplings
From Eq. (13), we see that the couplings of the Higgs bosons depend on the four diagonalizing matrices
UuL, UdL, UuR and UdR, as well as the matrices that appear in the Yukawa couplings. We now show
that there is a class of models in which the Yukawa couplings are reducible, by which we mean that the
couplings are completely specified by the quark masses, and the left and right CKM matrices, VL and
VR. The only dependence to the parameters of the Higgs potential is through the implicit dependence
on the angle β. Clearly, this requires Nd and Nu to be able to be written in terms of VL and VR, apart
from possible numerical factors.
The key to this reduction lies in the following observation. Suppose, in a given model, it is
possible to write
sinβ Γ1 − cosβ Γ2 =
√
2
v
(AdMd +BdMu) , (14a)
sinβ∆1 − cosβ∆2 =
√
2
v
(AuMu +BuMd) , (14b)
with the numerical factors Ad, Bd, Au, Bu. Then Eq. (13a) can be rewritten as
Nd =
1
v
U †dL
(
AdMd +BdMu
)
UdR
=
1
v
(
AdDd +BdV
†
LDuVR
)
. (15a)
Similarly, from Eq. (13b) one obtains
Nu =
1
v
(
AuDu +BuVLDdV
†
R
)
. (15b)
Therefore, Yukawa couplings will be completely determined by the quark masses and mixing matrices
if Eq. (14) holds.
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However, it should be clear that it is not possible to write relations of the form of Eq. (14) in the
most general case. Four independent matrices, Γa and ∆a for a = 1, 2, cannot be written in terms of
two matrices Md and Mu. Therefore, it is necessary to have only two independent Yukawa matrices. In
order to achieve this goal, it is necessary to introduce some condition to restrict the Yukawa matrices.
Later in this paper, we discuss some such relations, and the resulting Yukawa couplings.
We noticed in Eq. (13c) that the couplings of the neutral Higgs bosons, S and A, to the up-type
and down-type quarks are governed by the matrices Nu and Nd respectively. From Eq. (15), we see
that the parts Au and Ad are proportional to the diagonal mass matrices in the respective sector, and
are therefore flavor diagonal. Thus, FCNC occurs only through the parts Bu and Bd, and are absent
in a model where these parts vanish. In such models, the Higgs couplings are even independent of
the quark mixing matrices. The conventional type-I and type-II 2HDMs constitute examples of this
category, which will be discussed in Sec. 4.1. But the aim of this paper is to uncover other interesting
models where Eq. (14) holds, and the Yukawa couplings are governed by Eq. (15).
3 A notational digression
In order to find nontrivial examples of 2HDMs where Eq. (14) holds we find it convenient to write the
two doublets together, into what can be called a bidoublet:
Φ =
(
φ˜1 φ2
)
. (16)
The transformation properties of the Higgs-doublets under the SM gauge symmetry can be expressed
in a concise manner using the bidoublet:
Φ
SU(2)L×U(1)Y−−−−−−−−−−→ ΣL Φ e− i2σ3θ(x) , (17)
where ΣL denotes an element of SU(2)L and the appearance of σ3 on the right takes care of the fact that
the hypercharges of φk and φ˜k are opposite. It should now be noted that one can construct additional
bidoublets as well, all of which have the same transformation properties under SU(2)L×U(1)Y as Φ:
Φ˜ = σ2Φ
∗σ2 ≡
(
φ˜2 φ1
)
, (18a)
Ψ = Φσ3 ≡
(
φ˜1 −φ2
)
, (18b)
Ψ˜ = σ2Ψ
∗σ2 ≡
(
−φ˜2 φ1
)
. (18c)
In keeping with the bidoublet notation for the Higgs multiplets, the right-handed quark fields
can be written in a column with two components. Note that the gauge transformation on this column
can also be written in a succinct form:(
u′R
d′R
)
SU(2)L×U(1)Y−−−−−−−−−−→ e+ i6 θ(x)e+ i2σ3θ(x)
(
u′R
d′R
)
, (19)
whereas the transformation of the left-handed quark doublets are given by
Q′L
SU(2)L×U(1)Y−−−−−−−−−−→ ΣL e+ i6 θ(x)Q′L . (20)
The four different Yukawa coupling matrices that appeared in Eq. (2) are now encrypted in the
couplings of the quarks with these four different bidoublets given in Eqs. (16) and (18):
−LY =
[
YΦQLΦ
(
u′R
d′R
)
+ Y˜ΦQLΦ˜
(
u′R
d′R
)
+ YΨQLΨ
(
u′R
d′R
)
+ Y˜ΨQLΨ˜
(
u′R
d′R
)]
+ h.c. . (21)
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Comparing Eqs. (2) and (21), it is easy to see the relations between the two different sets of notations:
Γ1 = Y˜Φ + Y˜Ψ , Γ2 = YΦ − YΨ , (22a)
∆1 = YΦ + YΨ , ∆2 = Y˜Φ − Y˜Ψ . (22b)
4 The crossed 2HDMs
We will now proceed to construct nontrivial examples of 2HDMs where Eq. (14) holds. But first, let
us recover the conventional 2HDMs which prevent any FCNC at the tree level.
4.1 Retrieving the type-I and type-II 2HDMs
In type-I 2HDM, only φ1 is odd under a Z2 symmetry while all other fields are even. Consequently,
only φ2 couples to all the fermions. In the bidoublet notation, we can write this Z2 symmetry as
Φ→ −Φσ3 . (23)
The above transformation will affect the remaining bidoublet structures as
Ψ→ −Ψσ3, Φ˜→ Φ˜σ3, Ψ˜→ Ψ˜σ3. (24)
The Yukawa Lagrangian of Eq. (21) will remain unaffected by the above transformation if
YΦ = −YΨ and Y˜Φ = −Y˜Ψ , (25)
which, in view of Eq. (22), implies
Γ1 = ∆1 = 0 . (26)
It is easy to see that in this model, Au = Ad = − cotβ, Bu = Bd = 0. Since the B coefficients are
zero, there is no FCNC in this model.
In type-II 2HDM, φ1 → −φ1 and d′R → −d′R under the Z2 symmetry. Thus, φ1 will couple only
to the down-type quarks whereas φ2 will couple to the up-type quarks. This can be ensured via the
following transformations in the bidoublet notation:
Φ→ −Φσ3 and
(
u′R
d′R
)
→ σ3
(
u′R
d′R
)
. (27)
It is then easily seen that to keep the Yukawa Lagrangian of Eq. (21) invariant under the above
transformations, we must require
YΦ = YΨ = 0 , (28)
which, in view of Eq. (22), translates into
∆1 = Γ2 = 0 . (29)
This means that Ad = tanβ, Au = − cotβ, Bu = Bd = 0 in this model.
Note that we could have defined the Z2 symmetry differently, by omitting the minus sign in the
transformation law of right-handed quarks from Eq. (27). That would not have given us a new model:
it would have just interchanged the roles of φ1 and φ2.
None of the examples presented above belong to the class that we call “crossed 2HDM” or
“x2HDM”, for reasons that we will explain shortly. They come next.
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4.2 First example of crossed 2HDM : connection with left-right symmetry
Consider a symmetry under which the nontrivial transformations are
Φ→ ΦΣ†R ,
(
u′R
d′R
)
→ ΣR
(
u′R
d′R
)
, (30)
where ΣR is any SU(2) matrix. Since 2× 2 unitary matrices have the property
Σ∗R = −σ2 ΣR σ2 , (31)
it is easily seen that, under the transformation of Eq. (30), Φ˜ transforms the same way as Φ, but
Ψ and Ψ˜ do not, because of the presence of a factor of σ3 in their definitions. Thus, the Yukawa
couplings associated with Ψ and Ψ˜ are not invariant under this symmetry. It should be noted that
this symmetry should be considered as an approximate symmetry, since it does not commute with the
hypercharge symmetry. Imposing the symmetry of Eq. (30) on the Yukawa Lagrangian of Eq. (21),
we will obtain the following restrictions on the Yukawa matrices:
YΨ = Y˜Ψ = 0 , (32)
leading to
Γ1 = ∆2 ≡ Γ (say) , Γ2 = ∆1 ≡ ∆ (say) . (33)
In this case we will have the following mass matrices
Md =
v√
2
(cosβ Γ + sinβ∆) , Mu =
v√
2
(cosβ∆ + sinβ Γ) . (34)
Inverting these equations and comparing with Eq. (14), one obtains
Ad = Au = tan 2β , Bd = Bu = − sec 2β . (35)
Plugging this into the definitions Eq. (15), one obtains
Nd =
1
v
(
tan 2β Dd − sec 2β V †LDuVR
)
, (36a)
Nu =
1
v
(
tan 2β Du − sec 2β VLDdV †R
)
. (36b)
As such, the FCNC couplings of the neutral Higgs bosons are fully controlled by the quark mixing
parameters and tanβ. This is a crossed 2HDM, which we will call x2HDM-1 in subsequent discussion.
The symmetry of Eq. (30), which was used to arrive at this model, is qualitatively different
from those introduced in Sec. 4.1. The point is that the transformations produce linear superpositions
of the SM doublets φ˜1 and φ2. Since these two objects have opposite hypercharges, such mixing is
not allowed by gauge symmetry. So, a symmetry of this sort can be imposed on the Yukawa sector
only, although it will be violated by the gauge interactions, and therefore can only be an approximate
symmetry of the full Lagrangian. We call these crossed symmetries because it connects across different
hypercharges.
However, the particular transformations of Eq. (30) can easily be promoted to be a symmetry of
the full Lagrangian. These transformations are easily seen as the transformations of the relevant fields
under an SU(2)R symmetry. Thus, in effect, the imposition of the symmetry of Eq. (30) implies that
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the Yukawa couplings have a symmetry SU(2)L× SU(2)R×U(1), which is the gauge symmetry of the
LRSMs [15–17]. We can therefore extend the symmetry to the entire Lagrangian and build a LRSM.
In fact, our Yukawa couplings are no different than the usual ones encountered in the LRSMs that
involve a bidoublet Higgs multiplet Φ transforming as the (2, 2, 0) representation of the gauge group.
In the context of LRSMs, it was noted [18] that the fermion couplings with Higgs bosons depend only
on VL and VR.
4.3 More examples of crossed 2HDM
So far, our approach may appear as a convoluted exercise to connect the LRSM with 2HDM. However,
the notations that we adopted in this paper can be used to uncover new types of 2HDMs which were
previously unknown.
As an example, we introduce a Z2 symmetry in the following form:
Φ→ Φσ1 ,
(
u′R
d′R
)
→ σ1
(
u′R
d′R
)
. (37)
Note that, this also does not commute with the hypercharge symmetry, and therefore should be
considered as an approximate symmetry. This symmetry, when imposed on the Yukawa Lagrangian
of Eq. (21), implies the following
Y˜Φ = YΨ = 0 , (38)
which means
Γ1 = −∆2 ≡ Γ (say) , Γ2 = ∆1 ≡ ∆ (say) . (39)
This model will be called x2HDM-2. As a consequence of Eq. (39), the quark mass matrices will now
become,
Md = (cosβ Γ + sinβ∆)v/
√
2 , Mu = (cosβ∆− sinβ Γ)v/√2 . (40)
Inverting these equations and comparing with Eq. (14), one obtains
Ad = Au = 0 , Bu = −Bd = 1 . (41)
As a result, the matrices Nu and Nd are given by
Nd = −1
v
V †LDuVR , (42a)
Nu =
1
v
VLDdV
†
R . (42b)
This is an intriguing case where the Yukawa couplings with physical Higgs bosons are independent of
tanβ, the ratio of the two VEVs.
One may consider other relations among the Yukawa matrices YΦ, Y˜Φ, YΨ and Y˜Ψ, which can
potentially give rise to different structures of Nu and Nd. Not all relations will produce new models.
For example, changing σ1 to σ2 in Eq. (37) produces the same restrictions on Yukawa couplings
as those shown in Eq. (39). Some other conditions might result in equations which imply only an
interchange of the names φ1 and φ2, and therefore a redefinition of β. But there is no reason why
more models cannot be produced which have different physical implications. However, it is not always
straightforward to motivate arbitrary relations between the Yukawa matrices from symmetries.
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Figure 1: Plot of tanβ vs R =
√
Tr(Γ†Γ)/Tr(∆†∆) for randomly generated Γ and ∆. The shaded region
is consistent with the observed quark masses and mixings, in the x2HDM-1 (left) and x2HDM-2 (right). We
impose a perturbativity limit of |Γab|, |∆ab| ≤ 1.
4.4 Some specificities on the x2HDMs
It has been pointed out that, unlike the symmetries in Eqs. (23) and (27), the ones shown in Eqs.
(30) and (37) mix fields with different hypercharges. Therefore, these symmetries do not commute
with the U(1)Y part of the SM gauge symmetry. Thus, as previously stated, it should be considered
as an approximate symmetry, imposed only on the Yukawa sector, and can prevail in the Lagrangian
only in the limit when the U(1)Y gauge coupling (g
′) vanishes. This approximate character or, in
other words, the interference with the SM hypercharge gauge group can be explicitly seen through
the computation of the renormalization group equations of the Yukawa couplings. If the relations of
Eq. (33) or Eq. (39) are imposed at a certain scale, then they will evolve with the change of scale
according to the formulas [1]
16pi2
d
d lnµ
(∆1 − Γ2) = −g′2∆ , 16pi2 d
d lnµ
(Γ1 ∓∆2) = g′2Γ , (43)
where we assume the presence of right-handed neutrinos with appropriate Yukawa interactions involv-
ing the doublet Higgs bosons, and extend the symmetry to the leptonic sector.
By taking a closer look at the relations of both x2HDMs, it is possible to extract one character-
istic which is general to all x2HDMs. Suppose the inversion of Eq. (7) yields the solutions
Γ = p1Mu + p2Md , ∆ = q1Mu + q2Md , (44)
for some assignment of Γ and ∆ from among the four Yukawa matrices. We can now form the traces of
the hermitian matrices Γ†Γ and ∆†∆, each of which will contain four terms. Since Tr(M †uMu) ≈ m2t ,
we expect this term to dominate. If it indeed does, then
Tr(Γ†Γ)
Tr(∆†∆)
=
p21
q21
+ (small terms.) (45)
This means that there should a strong correlation between the square root of the left side of this
equation and |p1/q1|. For all x2HDMs presented here, |p1/q1| = | tanβ|. The correlation is shown in
Fig. 1.
What we do to plot the graphs is this. We take the quark masses as given, and also the
components of VL. We then randomly generate UuL, UuR and UuR, find UdL from Eq. (9), and, with
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each random choice, generate Md and Mu from Eq. (8) and use Eq. (44), as applicable to a particular
model, to find Γ and ∆. These are then used to make the plot, and the correlation clearly shows.
We notice from Fig. 1 the weakening of the correlation as we move away from tanβ = 1. This
can be understood as a direct consequence of the strong hierarchy between the up and down-quark
masses. For tanβ ≈ 1, we need to arrange a cancellation in the expression for Md to reproduce such
a strong hierarchy. This will approximately fix tanβ. However, for tanβ far away from unity (i.e.,
for either sinβ or cosβ close to zero), the matrices Γ and ∆ in Eqs. (34) and (40) effectively serve as
independent sources of masses for the up and down-type quarks.
One particular aspect of the x2HDM-1 can easily be seen in by looking at Eq. (34). Namely,
for tanβ = 1 we will have Mu = Md leading to unacceptable phenomenological results. Therefore we
must be away from tanβ = 1 to reproduce realistic values for the physical quark masses and mixings.
Additionally, problems in the region surrounding tanβ = 1 can be understood by inverting Eq. (34)
to obtain Γ and ∆ in terms of Mu and Md. These expression will have terms proportional to sec 2β,
which is large near the tanβ = 1 region, leading to non-perturbative Yukawa couplings. One may then
naturally wonder how close can tanβ be to unity so that the observed values of the quark masses and
mixings are recovered while, at the same time, the elements of Yukawa matrices in Eq. (33) are kept
under the perturbative limit, |Γab|, |∆ab| ≤ 1. From Fig. 1 (left), we can read the forbidden region in
tanβ as follows:
0.75 . tanβ . 1.33 . (46)
We argued earlier that the model presented in Sec. 4.2 is the low-energy limit of the left-right symmetric
model. In this connection, it should be pointed out that our results on tanβ are equally applicable in
the case of LRSM where tanβ will obviously be redefined as the ratio of the two VEVs of the bidoublet.
It should also be noted that despite the LRSM being in existence for decades, such constraints on
tanβ have not been emphasized earlier.
5 Phenomenology of the x2HDMs
Our goal was to relate the FCNC parameters to the LH and RH quark mixing parameters. Having
achieved that goal, we now briefly turn our attention to the consequences of experimental constraints
on the models. More specifically, by relating Nd with VR, we greatly reduce the free parameters of the
model, yet these FCNC contributions are still present at the tree-level. As such, as our first objective,
we set out to neutralize these contributions to minimize the impact they have on neutral meson mixing.
We expect this to lead to a very constrained VR, due to the high experimental precision of ∆MP , where
P = K,Bs, Bd. Interestingly, the coupling structure of the x2HDMs is such that these are the same
couplings that drive the fermionic decays of the nonstandard scalars of the model. Thus, by finding
one VR compatible with ∆F = 2 flavor observables, the models will have a distinct prediction for
the ratio of fermionic non-SM scalar decays: Br
(
S,A→ ff) /Br (S,A→ bb). As mentioned earlier,
we work under the assumption of the alignment limit, where H0 is a SM-like Higgs particle with
flavor-diagonal couplings. Thus, all NP FCNC come exclusively from S and A.
To tame the tree-level effects of the nonstandard scalars in ∆MP , we first write the relevant
expression for the NP contribution to the meson mass difference (∆MNPP ) as [19,20]
2MP∆M
NP
P =
∣∣∣∣( 1M2A − 1M2S
)[(
(N∗d )ji
)2
+
(
(Nd)ij
)2] 5
3
M0,FP
−
(
1
M2A
+
1
M2S
)
2(Nd)ij(N
∗
d )ij
(
M0,FA
3
− 2M0,FP
)∣∣∣∣∣ , (47)
10
where P = qiqj , and
M0,FP = −f2P
M4P(
mqi +mqj
)2 , M0,FA = f2PM2P . (48)
In the above, mqi is the mass of the quark qi, whereas fP and MP are the decay constant and the
mass of the meson P , respectively.
Clearly, in the limit MS = MA, there is a cancellation in the first term of Eq. (47). In order
to sufficiently dilute the contribution of the second term of Eq. (47), we require, as an example,
(Nd)21 ∼ (Nd)31 ∼ (Nd)23 ∼ 0, which leads to ∆MNPP ∼ 0. Ignoring, for now, the possible phases
of VR, we can constrain the three Euler angles through the three conditions above. This fixes VR
to a very precise degree, where one specific example is (assuming the Wolfenstein parametrization of
VL [21]):
VR ≈
 1 6.65× 10−5 3.86× 10−4−3.92× 10−4 0.169 0.986
1.20× 10−7 −0.986 0.169
 . (49)
Using this VR, we have explicitly checked that the ∆F = 2 contributions to K, Bs, and Bd oscillations
are under control for MS = MA ∼ O(TeV). It is interesting to note that, in this particular example,
some of the off-diagonal terms are quite large.
Now that we have established that TeV-scale nonstandard scalars can successfully negotiate the
stringent ∆F = 2 flavor constraints, it is interesting to find distinctive features of these scalars. To
this end, we notice that the decays S,A→ qiqj will be governed by the elements of Nu and Nd which
are now almost fixed because VR is approximately defined in Eq. (49). This is a consequence of the
reducible Yukawa parameters structure of the x2HDMs, leaving all flavor couplings to be governed by
VL and VR. Thus, we can wonder what are the effects of flavor data in the non-SM scalar branching
ratios. By taking Eq. (49), we are fully equipped to compute the relevant two-body scalar decays
into a quark anti-quark pair. For benchmark values of MS = MA = 1.5 TeV, the results are shown
in Table 1 for x2HDM-2, where the FCNCs are independent of tanβ, leading to fixed values of the
branching ratios for any particular VR. The results for x2HDM-1 are shown in Figure 2, due to the
explicit dependence on tanβ. In the case of x2HDM-2, the nonstandard scalars will preferably decay
into down-type quarks, because the couplings are proportional to the up-type masses, whereas the
up-type decays are proportional to the down-type masses, as seen in Eq. (42). For the x2HDM-1, the
same does not necessarily hold, as there are two contributions for flavor-diagonal decays, as shown in
Eq. (36). The different dependence on tanβ of both contributions will make the S → tt or S → bb
predominance be fully determined by tanβ. In fact, in the x2HDM-1 we find that the bb final state
only surpasses tt for values of tanβ & 10. In the limit tanβ →∞, the Yukawa couplings of x2HDM-1
and x2HDM-2 are equal, apart from sign differences which are irrelevant here, as can be seen from
Eqs. (36) and (42). We can see the predominance of bb decays over tt in Table 1. From Figure 2, we
see that the bs final state dominates over the bb. This can easily be understood in the light of Nd,
where for the particular example of VR used, the entry (Nd)32 is one order of magnitude above (Nd)33.
This occurs because of the large (23) element of VR, as shown in Eq. (49), which means a large ts
element of VR, because of which the s quark channel gets an enhancement with respect to the b quark
channels from the t-quark mass. By inspecting Figure 2, we can also see the interplay between the
two terms of Eq. (36), which gives different behaviors to S → tt and S → tc.
The features shown in this section are distinctive characteristic of the x2HDMs, which can be
used to falsify the models here shown.
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x2HDM-2
H → ss
H → bb
H → bs
H → bb
H → cc
H → bb
H → tc
H → bb
H → tt
H → bb
H ≡ S
6× 10−2 17 4× 10−5 10−2 5× 10
−4
H ≡ A 6× 10−4
Table 1: Relative branching ratios for the two body fermionic decays of S and A for the x2HDM-2, normalized
by the branching ratio of the decay into a bb pair, for MS = MA = 1.5 TeV. One of the quarks in each process
is to be taken to be an antiquark. We have not marked which one, because the result is independent of this
choice.
Figure 2: Log-log plot of relative branching ratios for the S decay into quark-antiquark pairs, normalized by
its branching ratio into a bb quark pair, as a function of tanβ, for the x2HDM-1, for MS = MA = 1.5 TeV. The
region for tanβ which was excluded in Figure 1 is intentionally kept out in these plots. The relative branching
ratios for A are very similar.
6 Summary
In this paper, we studied some properties of a minimal extension of the SM, the 2HDM, and, in
particular, focused on the study of the FCNCs of the model. We studied different variants of the
2HDM, resulting from the imposition of different symmetries on the Yukawa interactions of the model.
Since these symmetries do not commute with the full gauge group of the SM Lagrangian (in practice,
they are broken by the hypercharge), the imposed symmetries are effectively approximate symmetries
of the theory. Taking advantage that the renormalization group equations of the 2HDM are well-
known, assuming the symmetry to be a true symmetry of the Lagrangian at an energy scale µ, it is
possible to compute the evolution of the deviation from the symmetric situation with respect to the
energy scale.
We advocate the bidoublet notation, widely popular in the context of left-right symmetric theo-
ries, applied to the context of the 2HDM. While it may seem a convoluted exercise which increases the
problem’s complexity, we argue for its benefits. Namely, imposing simple symmetries on the bidoublet,
we are able to recover the paradigmatic type-I and type-II 2HDM models, as well as formulate two
new 2HDM variants, which until now remained unstudied.
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Through this paper, our main goal was to search for models where the general arbitrariness of
the FCNC couplings was reduced, following the motivation of BGL models, by relating these couplings
with the quark mixing matrices. We find a class of new models, where the FCNCs are controlled by the
left- and right-handed quark mixings. Due to the particular relations between the Yukawa matrices
of the model, we name this new class of models the crossed 2HDM (x2HDM). In one of these such
models, the x2HDM-1, we show that it is possible to impose a symmetry on the Yukawa sector such
that the FCNCs are fully controlled by the left- and right-handed CKMs, as well as the ratio between
the scalar doublets VEVs. We also point out that, while this symmetry is approximate in the 2HDM
context, it is automatically imposed when dealing with the LRSM. As such, this model can be taken
as the electroweak scale incarnation of the LRSM, given that the LRSM relies on a 2HDM structure.
Following up on this intimate connection between the x2HDM-1 and the LRSM, a comprehensive
flavor analysis, when paired up with the RGE study, may lead to valuable insight on the validity of
some LRSMs, which we wish to explore in a future work. Furthermore, it is important to note that
some of the conclusions obtained for the x2HDM-1 are equally valid or extendable to the LRSM, such
as the excluded region for the Higgs-doublets’ (the bidoublet’s in the LRSM context) VEVs. We also
present a second model, dubbed x2HDM-2, where the FCNC structure is further simplified, being
entirely controlled by the left- and right-handed CKMs, independent of the VEV ratio. While we do
not present a UV-completion for this model, we consider this model as a valuable argument for the
benefits of a change of outlook (in this case, notations), to uncover new interesting possibilities.
We have also performed a phenomenological analysis of the x2HDMs, to showcase their predic-
tive power. In the paradigm of the alignment limit, as well as assuming MS = MA, the tree-level
contributions to the ∆F = 2 processes are simplified, but still remain. As such, the restrictive flavor
data on ∆MK , ∆MBs , and ∆MBd , constrain the model. However, the same couplings are responsible
not only for the neutral meson oscillations, but also for other flavor processes such as the two-body
fermionic decays of the nonstandard scalars of the theory. As such, a specific example for VR is shown,
which was obtained by requiring the compatibility of the models with ∆F = 2 data. It leads to specific
values for the branching ratios of both S and A for the x2HDM-2, and a distinctive pattern of these
quantities as a function of tanβ for the x2HDM of type 1.
As a final note, hopefully, the explicit relation between the x2HDM-1 and the LRSM, together
with the economical structure of the FCNCs of both x2HDMs, as well as the benefits of a change in
notation for uncovering models, will lead to a renewed aesthetic motivation for the study of 2HDMs,
apart from the supersymmetric embedding.
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